We compute the sparticle mass spectrum in the minimal fourdimensional construction that interpolates between gaugino mediation and ordinary gauge mediation.
Introduction
In this note, we compute the soft masses in the minimal four-dimensional construction [1, 2] of "gaugino mediation" [3, 4] (see also [5] for a recent discussion). The model is presented in figure 1 . The chiral superfields Q,Q are the matter fields of MSSM, L,L is a single pair of "link fields" in the bifundamental of G SM 1 × G SM 2 , whose VEV breaks this product group to the diagonal Standard-Model (SM) gauge group, G SM , and T,T is a single pair of messengers, which couple to the spurion of SUSY-breaking, S, whose scalar components get VEVs,
as in Minimal Gauge Mediation (MGM). The superpotential of the model takes the form
where K is a Lagrange multiplier superfield, introduced to set the VEV of the link fields to v. For simplicity, we first take G SM 1 × G SM 2 to be U(1) 1 × U(1) 2 . 1 Let us introduce the two dimensionless parameters x and y:
where m v is the mass of the massive combination of gauge bosons of the broken U(1) 1 ×U(1) 2 , and g 1,2 are the gauge couplings of U(1) 1,2 , respectively. The parameter x is a measure of the SUSY-breaking scale, F/M, relative to the messenger scale, M, while y interpolates between MGM (as y → ∞) and minimal gaugino mediation (when y ≪ 1). We thus refer to this model as "Minimal gaugino-Gauge Mediation" (MgGM).
The main result of this note is the following. The soft scalar masses (at the messenger scale) in this theory, m 2 f , are obtained by adding to the two-loop integrands in [6] the common factor,
namely,
where ( [6] ) in the integrand is the same as for MGM in [6] , and the momentum k amounts to the one on the massless propagator in each of the two-loop diagrams. The SM coupling, g e , is given in terms of g 1,2 by
When v is much smaller than M, eq. (5) implies that m 2 f has a suppression factor of order v 2 /M 2 relative to MGM, while f → 1 if v → ∞, in which case one recovers the results of MGM [7, 6] . On the other hand, the gaugino masses, mg, are as in MGM, with the SM coupling given by (6) , for any v.
This note is organized as follows. In section 2, the theoretical setting is introduced. In section 3, the two-loop graphs contributing to the sfermions mass are discussed, and in section 4 they are evaluated. In section 5, we present the soft masses for MSSM, and in section 6 we discuss our results. Finally, in a couple of appendices, we list some technical details about the evaluation of the gaugino and sfermion graphs.
remains massless at tree level, while
mix to make the following Dirac fermion
whose mass is m v . Finally, the fermionic messengers ψ T , ψT get a mass m f = M.
Gaugino couplings
In Weyl spinor notation, the gaugino couplings with the Q,Q, T,T hypermultiplets are:
After some manipulations these couplings are:
It is useful to write some of these couplings in Dirac notation; the following spinors are introduced for this purpose:
The couplings involving λ M , ω Q,T and Q, T + , T − are:
where g e is defined in (6) , while the couplings involving the Dirac spinor κ (14) are:
Here κ c is the charge conjugate spinor of κ:
Calculation of the sfermion masses
The aim is to generalize the two-loops calculations by Martin [6] in minimal gauge mediation. These graphs come in three different classes: there is a graph due to the exchange of scalars, some graphs which are due to the exchange of gauge bosons and a graph which is due to exchange of gauginos. In this section we examine each of these contributions separately.
Scalar graph
The graph corresponding to the contribution due to scalar exchange is shown in figure 2 . The two Φ 4 interactions The detailed form of these interactions is:
where
Notice that this cubic vertex couples just with the eigenvector of the mass matrix whose mass is m v (3). So the propagator that must be inserted between each couple of vertical cubic vertices is
In the v → ∞ limit the usual Φ 4 interaction is recovered, with the diagonal U(1) effective coupling constant g 2 e . A direct evaluation gives:
where f is given in (4). This proves the claim in eq. (5) for the scalar graph.
Gauge boson graphs
The graphs which give the contribution due to the exchange of gauge bosons are shown in figure 3. In the case of minimal gauge mediation [6] , which corresponds to the v → ∞ limit of our setting, only the contribution of a massless gauge boson must be taken into account.
In our more general setting, we can introduce the following mass eigenstates:
The combination A A µ is massless, while A B µ get a mass m v due to Higgs mechanism. The covariant derivatives of Q and T in the new variables are: where g e is defined in (6) . Let us denote with k the momentum on the gauge boson propagators. Three kinds of graphs must then be taken into account: the one with two massless A A µ propagators, the ones with two massive A B µ exchanges and the ones with one massless and one massive propagators. The contribution of the last kind of graphs comes with a relative minus sign with respect to the first two; the result is:
Here ( [6] ) is the same as the integrand for MGM in [6] , while the expression in the second parentheses gives the common factor f (k 2 , m 2 v ), where the momentum k corresponds to the one on the massless propagator. This proves the claim in eq. (5) for the gauge boson graphs; the detailed evaluation of the graphs is presented in appendix B.
Gaugino graphs
The contribution due to gaugino exchange is given by three classes of graphs, one for the combination of the two gauginos that is massless at tree level, one for the combination that gets a tree-level Dirac mass, and a mixed one. It is very useful for the evaluation to use the Feynman rules given in [8] for Majorana fermions and for interactions with explicit charge conjugate spinors. We first recall the evaluation of the gaugino graph in MGM. The contribution due to T − is shown in figure 4 ; the contribution due to T + is similar 2 . The evaluation gives:
In the case of MgGM there is the same diagram, corresponding to the exchange of the massless gaugino λ A , weighted by g 4 = g 4 e . There is also a diagram corresponding to the exchange of the Dirac fermion κ (see figure 5 ):
.
Finally, there are also mixed diagrams which exchange both λ M , κ, as shown in figure 6 . They have a minus sign with respect to the previous ones, and they all give the same contribution; the total is:
All in all, the sum of the three kinds of diagrams is:
, which gives the same factor inside the integral as for the other contributions. This completes the proof of eq. (5).
Evaluation of the integrals
In this section, we write the integrals for the sfermions mass in a notation similar to the one in [9] ; we pass to Euclidean variables, and define m 11 , . . . , m 1n 1 |m 21 , . . . , m 2n 2 |m 31 , . . . , m 3n 3 (26)
In this notation the integral that should be evaluated in order to compute the sfermions mass is:
Note that this is obtained from the result in [6] by adding the last two entries in each term: [6] 
We will use the following expression taken from [9] , with the convention The function h is given by the integral [9] :
where the dilogarithm is defined by Li 2 (x) = − 
For a = 0, the function h simplifies to h(0, b) = 1 + Li 2 (1 − b). It is also possible to write an analytical expression:
The integrals with two massless propagators are infrared divergent and so a mass m ǫ must be introduced there as an infrared cutoff; this artificial parameter will disappear at the end of the calculation. A useful relation [6] is:
, where
for a = b and
We can then use the following expressions [10] to relate the integrals to the known objects m 0 |m 1 |m 2 or m 0 , m 0 |m 1 |m 2 :
The sfermions mass can be expressed as:
where x and y are defined in eq. (3); note that x < 1 (to avoid unstable messengers). Figure 7: Contour plot for s(x, y). On the right we zoom on the regime near x = 1 and small y, and we find that the sfermion is tachyonic below the zero mass line.
The analytic expression for s(x, y) is: where
The expressions s 0 (x) and s 1 (x) were simplified by using standard dilogarithm identities. Note that in the y → ∞ limit only s 0 contributes; the result then reduces to the one in minimal gauge mediation [7, 6] . Some plots of the function s(x, y) are shown in figures 7, 8 and 9. In particular, we see that the sfermion is tachyonic in some regime in parameters space. 
MSSM sparticle mass spectrum
In the case of the MSSM the result for the sfermions mass is:
with g (r)
1,2 being the couplings of G SM 1,2 in figure 1, respectively; r = 1, 2, 3 for U(1), SU(2), SU(3), respectively, and The corrected version is:
In eq. (41), Cf r is the quadratic Casimir invariant of the MSSM scalar field f , in a normalization where C 3 = 4/3 for color triplets, C 2 = 3/4 for SU(2) doublets and C 1 = 
Y
2 for a messenger pair with weak hypercharge Y = Q EM − T 3 (we use the GUT normalization for α 1 , as in [6] ).
In the limit m v → ∞ the well known result of [7, 6] is recovered, with s = t(x) (see the previous section):
(44) The gauginos mass is instead the same as in minimal gauge mediation:
where α r are given in (43), and
6 Discussion
In this note we computed the sparticle mass spectrum in Minimal gauginoGauge Mediation (MgGM) as a function of the parameters x and y in (3). We have not studied the Renormalization Group Evolution of the soft masses, and it should be interesting to investigate how it affects the sparticle spectrum at the weak scale. One peculiar result is that in low-scale gaugino mediation, the sfermions become tachyonic (at the messenger scale M) when the effective SUSYbreaking scale, F/M, approaches M. This occurs in a very small corner of the (x, y) plane, where it is likely that the RGE flips the sign of m 2 f . For small v, there are also important three-loop contributions [5] , which we ignored in this note; in particular, these may also cure the instabilities mentioned above.
The models studied here provide a particular class of General Gauge Mediation (GGM) models [11] (although they do not fall into the class of General Messenger Gauge Mediation (GMGM) models [12] ). Some possible generalizations of our work are the following. First, one may define General gaugino-Gauge Mediation (GgGM) models and compute their soft masses. In particular, it will be interesting to compute the soft masses in the "Direct Gaugino Mediation" models of [5] and their generalizations, namely, in dynamical realizations of MgGM and its generalizations in (deformed) SQCD. It should also be interesting to find which of the parameters space of GGM is being covered, and to investigate the phenomenological aspects, e.g. constraints on the spectrum, the NLSP and the experimental signatures for the classes of models above.
Note Added: The result (4,5) was generalized to an arbitrary SUSYbreaking sector in [13] . See also the recent work [14] .
